ologists, the avian embryo remains the premier animal model (1) . On the practical side, the general public is protected from yearly influenza outbreaks through vaccine production in chicken eggs. In addition to its scientific and biomedical importance, poultry as an agricultural commodity has grown over the last 60 years into a global industry providing billions of people with inexpensive highquality animal protein in the form of meat and eggs. Much of the success of the poultry industry is directly related to the application of population genetics for the selection of commercial lines for efficient protein production (2) . Today, estimates of the cost of egg production in the U.S. hover around 5 cents per egg. Given that the albumin from a single egg contains Ϸ3.6 g of protein, the domestic laying hen is a very efficient protein bioreactor. Now, with the report of Lillico et al. (3) in this issue of PNAS, the domestic chicken is poised to become the animal bioreactor for the production of commercial quantities of therapeutic proteins in eggs, moving the domestic fowl into the realm of protein bioprocessing.
Generating transgenic chickens has not been a quick and easy goal. Since the emergence of recombinant DNA technology Ϸ25 years ago, those who work with poultry have recognized the advantage of the avian system as an efficient means of producing medically relevant proteins. The avian egg contains large amounts of protein, and over half of the protein in egg white or albumin is composed of a single species, ovalbumin. Unfortunately, the advantages that make the avian system useful in disciplines such as developmental biology have made the task more difficult for manipulating the avian genome. Scientists who considered the chicken their model organism of choice watched with some envy while methods to manipulate the mammalian genome became increasingly more sophisticated, and reports appeared describing therapeutic protein production in the milk of sheep, goats, cattle, and rabbits (4, 5) .
The avian egg, with its large yolk, is not as transparent as mammalian ova, making it a challenge to view for injection and manipulation. After ovulation, fertilization occurs in the upper reproductive tract. Then the egg spends Ϸ24-26 h traversing the oviduct of the hen to acquire the albumin, shell membranes, and finally the eggshell. During egg formation, the embryo continues to develop, and by the time the egg is laid, the embryo can be composed of as many as 50,000 cells. Once the egg is laid, the self-contained embryo cannot survive manipulation without the development of specific procedures to culture the nascent embryo through hatching.
The idea of using the domestic fowl for the production of therapeutic proteins has always centered on methods for making transgenic poultry. Efforts for manipulating the avian genome have focused on three basic approaches: (i) direct DNA injection into the developing zygote, (ii) the culture of avian embryonic stem cells or primordial germ cells, and (iii) viral vectors to deliver DNA. All three methods have been used to produce transgenic birds, but viral vectors are currently the most successful method (6) .
Direct DNA injection was investigated by Helen Sang's group (7), the first to produce transgenic chickens through the injection of DNA into the vicinity of the pronuclei of the newly fertilized zygote. This process required surgical harvesting of the ovum from the hen at a precise time after ovulation and the development of a complex three-stage culture system to nurture the embryo through hatching (8) . The efficiency of this process was low, and only a few transgenic birds have been produced through DNA injection.
From the beginning, retroviral vectors were recognized as a way to produce transgenic birds (6) . Viral stocks could be injected into the egg through a simple window in the eggshell (Fig. 1) . Some of the first vectors tested to produce transgenic chicks were replication-competent RSV and avian leukosis virus (ALV) (9, 10) . Subsequently, because of the possible pathogenicity associated with replicationcompetent viral vectors, reticuloendotheliosis virus and ALV replication-defective vectors became the method of choice for the production of transgenic chickens (11, 12) . However, early concern over possible recombination with endogenous retroviral sequences dampened efforts to use viral vectors until the last 5 years. Recently, hens were generated that expressed reporter genes such as LacZ and ␤-lactamase (13-15). Interestingly, the ubiquitous expression of ␤-lactamase resulted in some secretion of the protein into the egg white. This tantalizing result was later applied to the expression of human IFN-␣-2b in egg white (16) . However, germ-line transmission was not optimal, making it necessary to screen hundreds to thousands of offspring to find a few transgenic birds (Fig. 1) . If this inefficiency is coupled with the phenomenon of transgene silencing (17, 18) , the production of useful lines of transgenic chickens appears risky.
The group at the Roslin Institute (3) addressed the issue of germ-line efficiency and gene silencing through the use of self-inactivating pseudotyped lentiviral vectors based on the equine infectious anemia virus (19) . Unlike retroviral vectors, lentiviruses do not require cell division for efficient integration into the host genome, resulting in founder birds transmitting the vector to as much as 45% of their offspring. In addition, the effect of gene silencing appeared minimal. The report of Lillico et al. (3) represents a collaboration between the Roslin Institute and two companies, Oxford Biomedica and Viragen (Scotland). Their work yielded a capstone publication in the efforts to develop an efficient system of making transgenic birds that deposit high levels of commercially relevant proteins in eggs using a lentiviral vector. Because of packaging-size limitations, a scaleddown version of the well characterized ovalbumin promoter was constructed to drive the expression of human IFN-␤-1a and a humanized single-chain Fv-Fc antibody with the potential for treating malignant melanoma. In the end, the resulting transgenic birds deposited commercially significant amounts of a therapeutic antibody and a therapeutic protein specifically in the egg white. Furthermore, the recombinant IFN was functional in a viral inhibition assay simply by using raw diluted egg white.
Viral vectors are not perfect. Packaging size is limited to Ϸ10 kb of DNA, so the expression construct must be streamlined. High viral titers are necessary to ensure reasonable rates of germline transmission, and viral insertions can occur anywhere throughout the genome. Recently, additional nonviral tools have been developed to complete the repertoire of choices for taking advantage of the efficient protein production of the contemporary laying hen. These methods include the development of pluripotent chicken embryonic stem cells derived from the early blastoderm (20) (21) (22) and the long-term culture of chicken primordial germ cells, which have been used to develop transgenic chickens without the use of viral vectors (23) . Unlike the state of the art 20 years ago, all of the tools, including a fresh assembly of the chicken genome, appear to be in place to take advantage of the potential applications of transgenic chickens.
No one can really predict the future when it comes to the commercialization of science, but in the next 25 years, it is reasonable to expect that, in basic science, agriculture, and now protein bioprocessing, the chicken will continue to provide benefits to society. In the end, chicken could be the source of several therapeutic proteins that are ''good for what ails you.'' 
